Abstract The coarsening kinetics of c' precipitates and Vickers hardness evolution are studied along a concentration gradient generated in a Ni-13.75Ti (at.%)/pure Ni diffusion couple at 1123, 1023, and 923 K. The formed concentration gradient allowed studying the aging process in Ni-rich Ni-Ti alloys with Ti content from 10.36 to 13.33 Ti (at.%). It was possible to determine experimentally the solvus line and precipitation boundary of the c' phase at 1123 K by using the information obtained in such gradient. In addition to this, a comparison between the experimental coarsening kinetics and the LSW or TIDC theoretical models was carried out during the c' precipitates coarsening.
Introduction
The present work is based on the microstructural characterization method proposed by Miyazaki [1] [2] [3] [4] [5] [6] [7] , the socalled Macroscopic Composition Gradient (MCG) method. This method enables determining solubility limits and precipitation boundaries as well as the evaluation of precipitates coarsening. It is based on the microstructural observation of a continuous concentration gradient, which can be generated by several methods, for instance, diffusion coupling, imperfect arc melting of sandwiched alloys, imperfect homogenization of coarse discontinuous precipitates, etc. [1] [2] [3] [4] [5] [6] [7] . On the other hand, many researchers, who used many different techniques [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , have studied the Ni-rich Ni-Ti system. The above-mentioned studies have concluded that cuboidal-type c 0 precipitates (L1 2 structure) aligned along h100i directions with faces parallel to {100} planes are the cause of hardening, but these precipitates coarsen at high temperatures and prolonged service times causing loss of coherency and eventually affect the mechanical properties.
Coarsening of precipitates is theoretically described in the model proposed by Lifshitz-Slyozov-Wagner (LSW theory) [24, 25] , which predicts (for diffusion-controlled coarsening) precipitates dispersed in a fluid matrix (volume fraction of the precipitates (f v ) close to zero) that coarsen according to the following relationship:
where r is the average precipitate radius, t is the aging time, and k r is the coarsening rate constant. Some modifications exist in the LSW theory [26] [27] [28] [29] [30] [31] [32] [33] that take into consideration the effect of f v , k r ¼ k rðf v Þ . These theories differed to the LSW theory in a broader particle size distribution (PSD) and in an increase of k r in function of increasing f v . However, a linear relationship between the cube of the average radius and aging time similar to LSW theory was evident. A different behavior of k r during the coarsening has been reported in some Ni-based alloys, where k r decreases in function of increasing f v (at low volume fraction), which is known as anomalous coarsening [34] [35] [36] [37] [38] [39] . Taking into consideration the anomalous coarsening and for avoiding the effect of f v , a theory proposed by Ardell-Ozolins [40] and Ardell [41] , the so-called transinterface diffusion-controlled theory (TIDC) predicts a rate law given by the following:
where r is the average precipitate radius, k i is the coarsening rate constant, t is the aging time, and n is related to the width of the matrix/precipitate interphase [40, 41] . The main objectives of this investigation are to determine experimentally the solvus line and the precipitation boundary of c' phase at 1123 K, study the coarsening of c' precipitates at 1123, 1023, and 923 K, and evaluate the Vickers hardness of Ni-rich Ni-Ti alloys with different Ti concentrations using a single sample.
Experimental Procedure
Buttons of Ni-13.75Ti (at.%) alloy (C1) and Ni (C2) were melted in an electric-arc furnace under an argon atmosphere using pure Ni and Ti (99.99%). An assembly, which consists of the two specimens C1 and C2, was screwed to an austenitic stainless steel holder, which was encapsulated in a quartz tube and annealed at 1473 K for 28 h under an argon atmosphere to promote diffusion and generate a concentration gradient in the diffusion couple. Then the diffusion couple was encapsulated in a quartz tube to be solubilized at 1473 K for 2 h under an argon atmosphere followed by quenching in an ice-water mixture. Rectangular-shaped samples of around 2 mm in thickness were cut from the diffusion couple interface and aged isothermally at 1123, 1023, and 923 K during different times. Heat-treated samples were metallographically prepared, and then, they were electropolished at 223 K using an electrolyte solution of HNO 3 /MeOH (30/70, volume ratio). The microstructural characterization was carried out using an Optical Microscopy (OM) and a Field-Emission Scanning Electron Microscopy (FE-SEM). Energy-Dispersive Spectroscopy (EDS) was used to determine variations in chemical composition along the concentration gradient. Finally, precipitates' size was measured from micrographs obtained by FE-SEM using commercial image analyzer software considering around 800 precipitates in each sample to obtain representative statistical values.
Results and Discussion
The diffusion process that occurs during annealing produces a characteristic microstructure in the diffusion couple where the Kirkendall effect and a mixture of phases are evidenced. Figure 1(a) shows the microstructure at the interface of the Ni-13.75Ti (at.%)/Ni diffusion couple after annealing at 1473 K. The variation of Ti concentration as a function of distance is also shown in this figure evidencing the concentration gradient at the diffusion couple interface. A region of about 140 lm that goes from the interface to the Ti-rich side, delimited by the solvus line, exhibits the presence of voids, which are formed due to the different diffusion rates of the diffusing elements (Kirkendall effect [42] ). As reported elsewhere [42] , the Ni diffusion rate is higher than that of Ti. Figure 1b and 1c show the solvus line and the precipitation boundary of the c' phase, respectively, in thermal aged samples at 1123 K. In addition, g-D0 24 and c' phases with plate-type and cuboidaltype morphology are identified in the sample. The solvus line and the precipitation boundary of the c' phase experimentally determined by EDS were found at 9.16 and 9.92 Ti (at.%), respectively. These values are close to the corresponding values in the Ni-Ti phase diagram [21] .
Five regions into the concentration gradient were studied (R1, R2, R3, R4, and R5) in order to make a comparison between regions of different chemical composition and f v . These regions show different chemical composition and f v (determined from the coherent solvus [43] ) (see Table 1 ). Figure 2 shows micrographs obtained by FE-SEM for R1, R2, R3, R4, and R5 regions after aging at 1023 K for 5000 min. c' cuboidal-type precipitates with rounded corners aligned on the direction h100i of the matrix can be seen in these results. g plate-type precipitates, which grows in the (111) plane of the matrix phase was also observed.
Precipitate coarsening is especially important when aging treatment is considered to enhance the mechanical behavior of precipitation-hardened materials. At a particular aging temperature, precipitate size increases as a function of aging time. The strength of the alloy increases along with the precipitate size, reaches a maximum value and then decreases. The coarsening behavior of c' precipitates can be quantified by determining the (i) average precipitate size, (ii) experimental precipitate size distributions (PSD's), and (iii) growth rate of precipitates. The equivalent radius is calculated and used as a size parameter to determine the experimental PSD's; the probability density, q 2 f(q), is determined by the following equation [44] :
where r is the average radius of the precipitates and N i r; r þ Dr ð Þ represents the number of precipitates in a given class interval Dr. The normalized radius (q) is defined as the ratio of r = r . The LSW theory for diffusioncontrolled coarsening leads to a highly asymmetric PSD with a cutoff near the particle radius (q = 1) and the PSD's for TICD are based entirely on the n parameter [45] , n = 2.281 in rate law for Ni-Ti system [46] . Figure 3 shows a comparison between the experimental PSD's and the LSW, and TIDC theoretical distributions in R2 region aging at 1023 K for different times.
The probability density falls in the middle of the distribution (q = 1) in the histograms obtained for all temperatures; and then the extreme increases (q = 0.8 and 1.2) as a function of aging time making a broad distribution. This is due to that large precipitates grow at the expense of the dissolution of small precipitates. The experimental results show that there is not a perfect fit between the experimental PSD's and the two theoretical distributions. The experimental results best approach to the LSW theory in short aging times, while they fit better with the TIDC theory in long aging times.
The kinetics of precipitates growth during coarsening is expected to follow the next relationship:
where r is the average precipitate size, t is the aging time, k r is a rate constant, and 1/m is the growth exponent. The values of the growth exponent for R1, R2, R3, R4, and R5 regions in the sample aged at 1023 K were obtained since the plot of ln r vs ln t, values obtained are shown in Table 2 . The fit to the linear dependence is represented by the calculated linear regression coefficient, R 2 . According to these results, it is evident that in R1 the value of the growth exponent (1/m = 0.26) was the highest among all the regions studied. As Ti content increases (from R1 to R5), the f v of precipitates also increases and growth exponent values decrease to a value of 1/m = 0.13. This Fig. 1 (a) value is close to the value obtained by Sequeira et al. [44] , (1/m = 0.07), during coarsening of c 0 large precipitates in Ni-Al-Mo system with bimodal size distribution. These authors suggested that the elastic strain fields surrounding the matrix/precipitate interface were responsible for the relatively low coarsening kinetics. Average precipitate size data were used to evaluate the approach to the rate law of the LSW and TIDC theories. Plots of ''r 3 vs. t'' and ''r 2.281 vs. t'' for R1, R2, R3, R4, and R5 regions in the sample aged at 1023 K are presented in Fig. 4 . It can be seen that both r 3 and r 2.281 exhibit an approximately linear behavior with t. The fit to linear dependence is represented by the calculated linear regression coefficient, R 2 . The coarsening rate constants (k r and k i ) were calculated from the slope by linear regression analysis. The results showed that as f v of the precipitates increases, the rate constants (k r and k i ) decrease, which is contrary to the proposed modified LSW theory [47] . The above results suggested that the anomalous coarsening is present in this system for high f v of precipitates. This kind of coarsening has been previously reported [35] [36] [37] [38] [39] in different Ni-base alloys. It is important to mention that in the region R4 different values are observed in comparison with the behavior of the other regions. Figure 5 shows plots ''r 3 vs. t'' and ''r 2.281 vs. t'' for R4 region aged at 1123, 1023, and 923 K to evaluate the effect of temperature on coarsening rate constants (k r and k i ). The coarsening rate constant (k r and k i ) calculated shows a Fig. 6 . In general, the hardening effect is associated to the interaction between dislocations and the strain fields surrounding precipitates, and the softening effect is associated to coarsening and coherency loss of precipitates [48] . The maximum Vickers hardness observed for all temperatures is related with the presence of c' precipitates. As the aging temperature decreases, f v of precipitates and Vickers hardness increase but there is no precipitation hardening at concentrations less than 6Ti (at.%).
Conclusions
The use of a concentration gradient for the microstructural characterization of Ni-rich Ni-Ti alloys with different Ti concentrations allows determining phase boundaries, studying c' precipitates coarsening with different f v , and evaluation of mechanical properties by Vickers hardness measurements in a single sample. In addition, this method allows a comprehensive study of age-hardening curves in different alloys, being the limit the diffusion degree achieved in the concentration gradient. The solvus line and precipitation boundary of the c' phase at 1123 K were experimentally determined in 9.16 and 9.92Ti (at.%), respectively. It was found that the experimental coarsening kinetics does not fit with the LSW and TIDC theoretical models during coarsening of c' precipitates, but effects of coalescence and elastic strains that influence the coarsening kinetics and that associated with f v of precipitates are observed. The activation energy values for the LSW and TIDC theoretical models in R4 were 164.5688 and 172.6173 kJ mol -1 , respectively. Finally, the maximum Vickers hardness obtained in age-hardening curves at 1123, 1023, and 923 K of Ni-rich Ni-Ti alloys at different Ti concentrations was associated to the presence of c' precipitates.
